One-hundred-and-twelve alien species are recorded for marine, brackish and freshwater environments in Ireland, of these sixtyeight are thought to be established. Their arrival has been mainly due to shipping, aquaculture and the ornamental industries. There are almost thirty species considered to be invasive and some that have arrived recently may have significant future impact. The majority of recorded alien species will have arrived since 1950. Usually these species appear in Britain or Northern Europe before occurring in Ireland. The majority of the marine species will have originated from the North Pacific Ocean whilst most of the freshwater species will have originally been sourced from North America. The sixty-three cryptogenic species arise out of the uncertainty of their origin or as to how they will have arrived. Ireland being a recently deglaciated island and separated from the continental land mass will have acquired the majority of its biota since the last glacial retreat making distinction between native and alien species more difficult.
Introduction
The spread of alien species arises out of centuries of human mobility aided by increased trade over progressively greater areas via new vector transmissions and further and more rapid routes for dispersal (Minchin 2006a (Minchin , 2007a . Trade in Ireland up till the early 1900s was mainly confined to Britain, Northern Europe, and the eastern coast of North America. Today links exist with all continental regions and aliens may be directed through Northern Europe or Britain and then subsequently spread as a result of natural range extensions and/or by human transmissions to Ireland.
There have been compilations of alien species for Ireland for some taxonomic groups (Hayden 2002 , Reynolds 2002 , environments (O'Riordan 2002) or as a result of specific industries (Minchin 1996 (Minchin , 2004 . No previous attempt has been made to include all known alien aquatic species from the freshwater, brackish (transitional) and marine environments of Ireland or to separate them according to alien and cryptogenic components. However, a full list of aquatic aliens is unlikely to be achieved as this requires specific taxonomic knowledge, regular monitoring to reveal them and many are either or both rare or cryptic and remain undiscovered. Those that become recognised are normally because they are either conspicuous or result in some recognised impact. Alien species are defined here as those species that will have been spread intentionally or unintentionally by humans to areas outside of their natural range. Any subsequent movements may either involve humans or natural spread or combinations of both. While many can be recognised as aliens there is a significant component whose means of arrival, or whose native origin, is unclear or unknown. These are termed cryptogenic species (Carlton 1996) . In time the origin and history of some of the cryptogenic component will be clarified though forensic biogeography. Very often species that arrive in Ireland will have been recorded at an earlier time in Britain (Minchin and Eno 2002) or elsewhere in northern Europe. Shipping, aquaculture and the trade in ornamentals has enabled the spread of species over greater distances, and from different geographical provinces. The extent and reduced durations of long-distance transport have greatly aided opportunities for the dispersal of species (Minchin 2006a , Minchin 2007a . In concert with this increased trade and mobility there are many well studied regions of the world showing an increase in the frequency of alien species arrivals in recent decades (Hewitt et al. 1999 , Cohen and Carlton 1998 , Leppäkoski et al. 2002 , Wonham and Carlton 2005 , Leppäkoski and Olenin 2000 .
This account summarises the occurrence of those aquatic species that have been recorded in Ireland to June of 2007. The list ranges from single records of species, some of which are unlikely to survive or become established in Irish waters, to those that are invasive and spreading. The account does not provide a full record of alien microbiota and disease organisms. Similar recent European accounts have been compiled for Belgium (Kerckhof et al. 2007 ), Denmark (Jensen and Knudsen 2005) , Germany (Gollasch and Nehring 2006) , The Netherlands (Wolff 2005) , the Baltic States (Olenin 2005) and the Ukraine (Alexandrov et al. 2007 ).
Methods
A register of alien and cryptogenic species was developed from literature searches through journals, reports, unpublished records and from recent field and taxonomic studies.
There are different levels of certainty as to how a species arrives (Minchin 2007a) . In cases where there is direct evidence for an arrival the activity responsible for the arrival is known. Likely arrivals are those associated with a vector activity in an area adjacent to where a species is presumed to have arrived and where there is also evidence for the species being associated with the same mode of entry elsewhere. Written accounts that relate to early introductions are also considered. In many cases direct evidence is lacking and no single likely mode can be ascribed. Possible modes for an entry, where several activities may be responsible for an introduction, are not considered in assessments of the role of human activities in the introduction of species except in a group analysis of all possible entry modes.
Species living adjacent to aquatic environments without a dependency on water immersion are not considered in this account, such as riverbank plants and mammals (with one exception) and all birds. Neither are vagrant species arriving as a result of climate or ocean currents such as plant disseminules (Nelson 2000) , however, some molluscs arriving on drifting man-made objects have been included.
Cryptogenic species are tabled separately (Annex 2). Over time the status of some of these is expected to change and so may be removed due to improved knowledge of natural dispersal mechanisms or of transport from their origin.
Results
One-hundred-and-twelve alien species were found in Ireland (Annex 1) and sixty-three cryptogenic species (Annex 2). The numbers obtained show an increase of both marine and freshwater species recorded for recent decades (Figure 1 ). The most notable increase is from the 1950s to the present day. While there are fewer cryptogenic species these generally show a similar trend except over the last seventeen-year period ( Figure 2 ). The arrival of eighteen species prior to 1850 can not be truly ascribed as being native or alien either due to imperfect knowledge of their native distributions or as to how they arrived.
The great majority of marine species originate from the North Pacific and if extended to include the Indo-Pacific would make up more than half of all records (Figure 3 ). Among these are deliberate introductions for aquaculture made-up of five cultivated molluscs and a fish making up ~10% of this total. Over twenty percent of the brackish and marine species are from the northwest Atlantic arriving as a result of the close trading connection between the east coast of North America and Britain and Ireland. This same historical link, over the last few hundred years, could explain the large proportion of freshwater biota, of more than one third, arriving from North America ( Figure 4 ). As far as can be reasonably determined the great majority of species will have arrived with aquaculture, trade in ornamental species and with commercial and leisure vessels ( Figure 5 ) with most arriving within the last fifty years. Natural spread of aliens will have involved either the spread of molluscs attached to buoys and other humanmade flotsam or from spread from an . The numbers of aquatic alien species introductions associated with human activities over different time periods where there is direct evidence, or where it is likely that a particular human activity is involved in an arrival to Ireland introduction that took place elsewhere within Europe. All other activities range from less than a quarter to a half of any of these principal modes of transmission. However, there is a large compo-nent of species whose mode of arrival remains unknown. All of the ornamental species will have been released to freshwater environments and the majority of the brackish and marine species will have arrived with shipping or aqua-culture activities. Many of the aliens in both the freshwater and brackish and marine environments have similar patterns for distribution (Table 1) and their status (Table 2) .
Discussion
A-hundred-and-twelve alien species have been recognised as occurring in Ireland, and sixtythree cryptogenic species, up to the end of June 2007. Further species have almost certainly yet to be revealed or reported and it is likely that there will be additions from disparate sources not found in this exercise. The high preponderance of aliens recorded from one or more localities (Table 1) suggests there are future opportunities for these species to expand. The larger numbers of species known to be common or abundant (Table 2 ) may merely reflect findings of species more easily observed while those that are rare and less significant are overlooked. Costello et al. (1996) indicated that there are many more species yet to be described as new to science from British and Irish waters but the numbers will vary according to each taxonomic group and depend on available expertise, their size and distinctiveness.
Islands off continents have a reduced diversity due to the different levels of separation caused by linear distance, strength and direction of water and wind currents and intervening depths. Rare or occasional events that inoculate islands may be important in the establishment and colonisation of islands to form a native biota. However, in recent decades the efficient, diverse and far-ranging extent of transport modes has enabled access to a greater diversity of species from all world regions. Nevertheless many arrivals to islands can be predicted on account of their appearance and spread on nearby landmasses. This provides managers with an advantage by providing an advanced warning of some impacting species.
Some species may be difficult to classify as alien or cryptogenic, as in the case of expansions in the ranges of the plants Hottonia palustris, Stratiotes aloides and snails Planorbarius cornuta and Viviparus viviparus. These will be considered by some to have confined 'native' populations but different populations from overseas may have been imported which might explain their recent vigorous spread in the wild. Classifying a species moved from one nearby region in Ireland to another, for example Groenlandia densa, is likely to rely on different definitions on the scale of the extended range to different bays or catchments and/or to different administrative/political regions. Consequently the opinions as to the status of a species may vary.
The natterjack toad Bufo calamita, according to a Whilde (1993) might have been introduced with sand ballast; and until the recent work by Rowe et al (2006) would have been classified as cryptogenic. Their study of toad populations throughout its European range, using mitochondrial DNA, found the Irish population to be distinct and so considered it to be native to Ireland. Normally an alien species will have a known range that exists outside of Ireland. However, some such as the wasting disease of the eel-grass Labrynthula zosterae is almost certainly introduced to Ireland although its origin remains unknown.
Of particular interest to managers are those alien species that are recognised as having some impact. The Irish Environmental Protection Agency (EPA, 2004) Certainly in Ireland the zebra mussel has had important impacts (Minchin et al. 2006) and is likely to continue to spread over decades (Karatayev et al. 2006) . To this list three further aquatic species have become notable since these accounts were assembled, the Chinese mitten crab Eriocheir sinensis, the South African pondweed Lagarosiphon major (Figure 9 ) and the colonial tunicate Didemnum sp. (Figure 10) .
Specimens of the Chinese mitten crab have only recently appeared in the Waterford Estuary on the Irish south coast but it has the potential to expand its range throughout much of Ireland because many of the main river basins are connected by canals (Minchin 2006b). The South African pondweed has become dominant in a large area of one lake (J Caffrey pers. comm.) and there is a risk this species will spread. The (Kennedy and Fitch 1990) and causes damage to other internal organs (Lefebvre et al. 2004) and eels entering the winter have reduced levels of fat (DW Evans pers. comm.) and is likely to result in an inability to regulate their buoyancy and have sufficient reserves for the spawning migration. Unfortunately this species is beyond any control on account of the large number of paratenic hosts that can include aquatic insects (Moravec and Škoríková 1998). Other impacting diseases of fish in Britain such as the rosette-like agent (Gozlan et al. 2005) could gain access to Ireland with aquarium fish imports or releases of sport fishes.
Species likely to be of consequence, and yet to be recorded in Ireland, will be among those already recognised as causing impacts in Britain or northern Europe. Advanced targeting of these may enable eradication or reduction of their spread should they arrive. Early intervention using a regular rapid assessment surveys as developed by Ashton et al (2006) and Minchin (2007b) provides practical information for managers by revealing sites of alien species arrivals and range extensions of species already present. It has not been possible to determine the human activities responsible for all of the introductions; but almost three-quarters of all known entries involve deliberate and purposeful trade to Ireland, albeit some of these introductions will have been misguided or associated with traded species. Some will have initially been confined but subsequently became released or escaped. For several species their arrival can not be related to a single human activity. Yet when all of the possible modes of entry are pooled a similar trend emerges ( Figure  12 ). Should there have been fore-knowledge of the nine priority species (under Article 5 of the WFD, see above) eight could have been 'prevented' on the basis of risk assessments; and of the three additional species of concern, one. However, such foresight was acquired only after an introduction was made as in the case of the deliberate plantings of Spartina anglica used to accrete land (Cummins 1930) but was later found to result in ecological impacts (McCorry and Otte 2000) .
The large number of ornamental plants appearing in new localities in the wild is of concern and there are also several aquarium species, other than plants, on sale that may become introduced to the wild that include freshwater snails, crabs, crayfish, fish (such as sturgeon and pumpkinseed) and terrapins. It is possible that some of these will be found in the wild over the coming decades.
The incomplete knowledge of Ireland's native assemblages and of human species transmissions after the last glacial period makes it difficult to evaluate what is native and what is introduced. For example, the appearance of the soft-shelled clam Mya arenaria may have resulted from early Viking exploration from North America during about the 1300s (Strasser 1999), or perhaps from a late and natural northward re-expansion. Similarly the 'shipworm' Teredo navalis may have arrived in the hulls of wooden ships, yet drifting tree parts must have been a frequent form of flotsam at a time when there were extensive forests.
On account of the poor knowledge of the mechanisms of natural dispersal many species have been classified as cryptogenic. While some may be spread after an arrival following human activities their subsequent dispersal may occur with different combinations of natural and human spread. Remote appearances are often deduced as being due to human activities but might also be due to the transmission of a specific stage by natural means. Without a better knowledge of natural dispersal mechanisms there will continue to be some confusion on the status of some species. Knowledge of the natural mechanisms of dispersal are important to deduce, not only to classify their status correctly, but because efforts by management spent in control of some aliens may be rendered ineffective because of efficient natural spreading mechanisms.
Birds have the capability of spreading species inadvertently on the body, in the gut or tissues as parasites. Some may equally have arrived with fish introductions, i.e. freshwater fish eye-flukes. The hydroid Cordylophora caspia appears in widely separated Irish lagoons frequented by birds that might have transmitted the resting menont stage. However, C. caspia is generally considered to be alien in many parts of Europe; but their transmission elsewhere in Europe may also have been with bird movements. The semitropical aquatic macrophyte Hydrilla verticillata, listed as one of the worlds most invasive species (ISSG 2007) , according to Preston et al. (2002) is considered to be native. It occurs in two remote western Irish lakes and may have been carried there with migrating waterfowl. Scannell and Webb (1976) found it produced an abundance of all-female flowers under greenhouse conditions indicating the plant does not enjoy optimal conditions in Ireland. Invasive plants only known to propagate vegetatively may not be native (i.e. Hottonia palustris, Hydrilla verticillata, Stratiotes aloides), and a species occurring with only one sex present may not be native, an argument used by Cook and Urmi- König (1983) . The appearance of the aquatic macrophyte Ceratophyllum submersum in lakes or coastal lagoons might also be explained by the presence of wildfowl. Meteorological events may even cause some species to be carried to Ireland. This may have happened with the arrival of the once established insect Microvelia pygmaea to Lough Gur in the southern midlands of Ireland (Walton 1985) .
Conditions following the last deglaciation will have enabled anadromous and catadromous fishes access to Ireland's river catchments. There is a presumption that those intolerant of marine conditions will all have been introduced. Giraldus Cambrensis on visits to Ireland 1183 and 1185 referred to an absence of several fishes by name such as the pike (Went 1957) and cyprinids as being absent (Moriarty and Fitzmaurice, 2000) . Such reported absence has not been considered to be sufficient evidence in this account to include them as aliens unless there are records of an introduction since then. Some fishes might have survived in refugia and subsequently expanded their range from areas now inundated by the sea (Ménot et al 2006) . Yet it is possible that some fishes and a crustacean, the white-clawed crayfish Austropotomobius pallipes, were introduced during monastic times to Ireland (Gouin et al. 2003) .
Recognised invaders can be prevented entry by using pre-border management measures. Mangers have the capability of controlling deliberate introductions by legislation and by monitoring of imported ornamental products and by applying precautionary measures in relation to aquaculture stock imports that may have associated pests, parasites and diseases (ICES 2005) . Yet large bulk transmissions, although inspected, could carrying unwanted introductions as happened with the introduction of associated species with imports of half-grown Pacific oysters from France (Holmes and Minchin 1995; Minchin et al. 1993) .
Such imports could include cysts contained in shell spaces or in the molluscan gut (Dijkema 1992) or otherwise attach to the shells of oysters (Mineur 2007a). Controls on ships' ballast water are confronted with problems of scale for effective treatment (IMO 2004) and presently mid-ocean exchanges are only suitable in reducing primary inoculations over large distances whereas short sea-going journeys have insufficient time for such an exchange process. Consequently secondary spread by shipping is likely to continue until some practical sterilisation approach is generally employed. Despite any of these measures it is difficult to see how microbal pathogens can be controlled (Drake et al. 2007 ). The usage of less-effective antifouling paint applications, of lower toxicity, on ship-hull are likely to result in further alien expansions worldwide (Minchin and Gollasch 2003) . Hull fouling by ships (Gollasch 2002 , Mineur 2007b continues to be a significant problem and leisure craft also have the capability of inoculating the many bays and inlets that ships do not visit (Floerl 2002 , Minchin et al. 2006b ). Impacts can be reduced with specific forms of boat harbour design (Floerl and Inglis 2003) .
The general changes in weather patterns with warmer over-wintering water temperatures, most probably resulting from an alteration of overall current flow in the north-east Atlantic and in the Polar Sea (Greene and Pershing 2007) allow species with poor lower temperature tolerances to survive and enhance the opportunities for the spread of aliens (Stachowitz et al. 2002) . Those requiring higher temperatures for reproduction may now colonise after being introduced. For example the layings of hatchery produced Pacific oysters have over the last decade produced small settling numbers in different Irish bays (Boelens et al. 2005) . Vagrants may also establish themselves and the distinction of these from those introduced by human activities is likely to lead to additions to the cryptogenic list for Ireland. . The Ponto-caspian bioprovince has a separate and distinct biota which has already made advances across Europe (Bij de Vaate et al 2002) and small numbers of these will have recently arrived in Ireland, such as the zebra mussel D. polymorpha, and its commensals, and the amphipod Chelicorophium curvispinum. It is likely that the spread of further species from this region will continue along the inland navigation network (Panov et al. 2007; Galil and Minchin 2006; Minchin et al 2006c) . Some of these may be expected to arrive in Ireland as a result of different human activities.
Conclusion
One-hundred-and-twelve species are considered to be introduced to Ireland of which sixty-eight are considered to be established and sixty-three cryptogenic species have been identified. Many other species have almost certainly yet to be revealed. Fourteen species have been considered to be of high impact and continue to expand their ranges in Ireland. The high degree of human mobility and the expansion of the European trading block as well as continued trade will result in further species becoming introduced from Britain and Northern Europe. Some pathways pose special risks and management may more effectively apply controls on specific species known to result in ecological and economic impacts that may, for example, be imported as, or with, ornamentals and those involved in aquaculture. With a policy of open trade and expansion of the European Union further species are likely to be inadvertently or deliberately brought to Ireland. More emphatic controls to protect Ireland's aquatic ecosystems are needed if further high impacting species are to be prevented from arriving. Such pre-border management is a cheaper and easier option and will involve a shared responsibility with different user groups.
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